Abstract. Three-dimensional achiral coordination polymers of the general formula M 2 (D, L-NHCH (COO)CH 2 COO) 2 ⋅C 4 H 4 N 2 where M = Ni and Co and pyrazine acts as the linker molecule have been prepared under hydrothermal conditions starting with [M(L-NHCH(COO)CH 2 COO)⋅3H 2 O] possessing a helical chain structure. A three-dimensional hybrid compound of the formula Pb 2.5 [N{CH(COO) CH 2 COO} 2 2H 2 O] has also been prepared hydrothermally starting with aspartic acid and Pb(NO 3 ) 2 . In this lead compound, where a secondary amine formed by the dimerisation of aspartic acid acts as the ligand, there is two-dimensional inorganic connectivity and one-dimensional organic connectivity.
Introduction
Open-framework hybrid networks involving metal silicates, phosphates and sulphates have been areas of great interest in the past few decades.
1-3 Much attention is being paid in the last few years to organicinorganic hybrid frameworks formed by metal carboxylates and phosphonates 4-7 because of their structural diversity and possible applications in catalysis 8, 9 , separation 10,11 and hydrogen storage. 12,13 Natural amino acids have been used extensively to form coordination polymers with transition metals since both the carboxylate and the amino groups can coordinate to the metal depending upon the pH of the medium.
14-16
Aspartic acid, NH 2 CH(COOH)CH 2 COOH, is an acidic amino acid with one amino and two carboxylic acid groups. As these functional groups are capable of binding to the metal centres in different coordination modes it is exploited greatly to form hybrid metal-organic framework structures. Chiral and achiral metal aspartates with extended structures have been reported in the recent literature. [17] [18] [19] In the present work, we report two metal-organic framework structures derived from aspartic acid. We report a three-dimensional racemic structure of the formula Ni 2 (D, L-NHCH(COO)CH 2 COO) 2 .C 4 H 4 N 2 , I, by connecting helical nickel aspartate chains with the bi-dentate aromatic linker pyrazine. We have obtained an analogous cobalt compound of the formula Co 2 (D, L-NHCH(COO)CH 2 COO) 2 .C 4 H 4 N 2 , II, starting with cobalt aspartate. We also report a threedimensional hybrid lead compound of the formula Pb 2.5 [N{CH(COO)CH 2 COO} 2 ⋅2H 2 O], III, resulting from the hydrothermal reaction between Pb(NO 3 ) 2 and aspartic acid, where the ligand is a secondary amine formed by the dimerisation of aspartic acid. In III, there is two-dimensional inorganic connectivity and one-dimensional organic connectivity.
Experimental

Synthesis and initial characterization
were dissolved in water (3 mL)-ethanol (2 mL) mixture to which pyrazine (16⋅90 mg) was added. The resultant solution with Ni-asp : pyrazine ratio of 1 : 1 was stirred for 1 h and transferred to a 23 mL PTFE-lined acid digestion bomb and heated at 150°C for 48 h. The pH of the solution was kept at around 5-6. Shiny bluish green coloured crystals so obtained were vacuum filtered and washed with water.
The cobalt analogue of I, was prepared as follows.
were dissolved in water (5 mL)-ethanol (5 mL) mixture to which pyrazine (80⋅80 mg) was added. The resultant solution with Co-asp : pyrazine ratio of 1 : 2 was stirred for 1 h and transferred to a 23 mL PTFE-lined acid digestion bomb and heated at 150°C for 48 h. The pH of the solution was kept at around 5-6. Dark red coloured solid so obtained were vacuum filtered and washed with water.
Pb 2.5 [N{CH(COO)CH 2 COO} 2 2H 2 O], III, was prepared as follows. 334⋅5 mg of Pb(NO 3 ) 2 were dissolved in water (5 mL) to which L-aspartic acid (203⋅70 mg) was added. To the resultant mixture, with a Pb(NO 3 ) 2 :aspartic acid ratio of 1 : 1⋅5, 1 molar NaOH solution was added drop-wise to make the pH of the solution equal to 5. The solution was stirred for an hour and transferred to a 23 mL PTFE-lined acid digestion bomb and heated at 150°C for 72 h. Beautiful colorless crystals so obtained were vacuum filtered and washed with water.
The precursor materials Ni-asp and Co-asp were prepared as follows. A 1 : 1 mixture of Ni(Co)Cl 2 ⋅ 6H 2 O : aspartic acid was taken in a vial and dissolved in water. Triethylamine was added to maintain the pH at around 5. The resultant mixture was kept on a hot water bath for slow evaporation. After 3 days green crystals of the composition [Ni(L-NHCH(COO)CH 2 COO)⋅3H 2 O] and pink coloured crystals of [Co(L-NHCH(COO)CH 2 COO)⋅3H 2 O] were obtained. The crystals were vacuum filtered and washed with water. These precursors are similar in structure.
14 Initial characterization of the compounds I, II and III were carried out by powder X-ray diffraction (PXRD), thermogravimetric analysis (TGA), and IR spectroscopy. PXRD patterns indicated the products to be new materials and monophasic, the patterns being consistent with those generated from singlecrystal X-ray diffraction. Elemental analysis of I, II and III were satisfactory. Elemental analysis for I: C, 31⋅7%; H, 2⋅7% N, 12⋅3%. Observed: C, 31⋅8%; H, 3⋅7% N, 12⋅1%; for II: C, 31⋅7%; H, 2⋅7% N, 12⋅3%. Observed: C, 31⋅9%; H, 3⋅1% N, 12⋅0%; for III: Calculated: C, 12⋅5%; H, 1⋅3% N, 1⋅8%. Observed: C, 13⋅0%; H, 1⋅2% N, 1⋅9%; Infrared spectra of I, II and III show characteristic bands in the region 1400-1600 cm -1 and 3300-3400 cm -1 due to carboxylate and amine group stretching vibration of the aspartate moiety. Beside that, bands due to C-H and C-C stretching and bending vibrations have also been characterized.
20 A broad band in the 2800-3200 cm -1 region in the spectra of those compounds indicates the presence of extensive hydrogen bonding. Thermogravimetric analysis of above compounds was carried out under constant flow of O 2 at a heating rate of 5°C min -1 in the temperature range 30-900°C. Compound I showed a two-step weight loss corresponding to the loss of aspartic acid and pyrazine molecules in the range 350-450°C and 450-550°C (obs = 74⋅1%, calcd = 74⋅8%). Compound II showed the same type of TGA curve. Compound III showed a two-step weight loss corresponding to the loss of water molecules and aspartic acid dimer molecule in the range 200-450°C and 450-550°C (obs = 33⋅3%, calcd = 35⋅1%).
Single crystal structure determination
Suitable single crystals of I and III were carefully selected under a polarizing microscope and glued at the tip of a thin glass fibre with cyano-acrylate (superglue) adhesive. Single crystal structure determination by X-ray diffraction was performed on a Bruker Smart-CCD diffractometer equipped with a normal focus, 2⋅4 kW sealed tube X-ray source (Mo-K α radiation, λ = 0⋅71073 Å) operating at 50 kV and 35 mA. A hemisphere of intensity data was collected at room temperature with ω space scans (width of 0⋅30° and exposure time of 10 or 20 s per frame). Pertinent experimental details of the structure determination for compounds I and III and are presented in table 1.
The structures were solved by direct methods using SHELXS-86, 21 which readily established the heavy atom position (Pb and Ni) and facilitated the identification of the light atoms (O, N, C, H) from difference Fourier maps. An empirical absorption correction based on symmetry equivalent reflections was applied using the SADABS programme.
22 All the hydrogen positions were initially located in the difference Fourier maps and the hydrogen atoms were placed geometrically and held in the riding mode for the final refinement. With the single crystal X-ray data collected at room temperature, few of the hydrogen atoms of the water molecules of III could not be located from the difference Fourier maps. The last cycle of refinement included atomic positions for all the atoms, anisotropic thermal parameters for all the non-hydrogen atoms and isotropic thermal parameters for all the hydrogen atoms. Full-matrix-least-squares structure refinement against
